Abstract Wilson disease (WD), an autosomal recessive disorder of copper transport, is the most common inherited liver disorder in Hong Kong Chinese. This was the first local study to elucidate the molecular basis and establish an effective DNA-based diagnostic protocol. The ATP7B genes of 65 patients were amplified by polymerase chain reaction (PCR) and sequenced. Haplotype analysis was performed using D13S301, D13S314, and D13S316. The p.L770L/p.R778L status in 660 subjects was determined to estimate WD prevalence. Allele age of p.R778L was determined by the smallest homozygosity region between D13S301 and D13S270. We identified 42 different mutations with 17 being novel. p.R778L (17.3%) was the most prevalent. Exons 2, 8, 12, 13, and 16 harbored 70% mutations. Thirty-two haplotypes were associated with WD chromosomes. The estimated prevalence rate was 1 in 5,400.
Introduction
Wilson disease (WD, MIM # 277900) is an autosomal recessive disorder of copper transport leading to systemic copper accumulation and hepatic and lenticular damage. The worldwide prevalence was reported to be 1 in 30,000 with a carrier rate of 1 in 90 (Scheinberg and Sternlieb 1984) . In our experience, WD is the most common inherited liver disease in Hong Kong Han Chinese. The mutation spectrum of the ATP7B gene is population specific even within East Asia (Ferenci 2006; Kenney and Cox 2007; Lee et al. 2000; Park et al. 2007; Shimizu et al. 1999; Wan et al. 2006) . Therefore, data from other areas cannot be directly applicable for diagnostic purposes. We examined the genotypes and haplotypes of the ATP7B mutant alleles in 76 WD patients from 65 unrelated Hong Kong Han Chinese families. This was also the first study using a genetic approach to estimate the WD prevalence in Hong Kong Han Chinese. In particular, we utilized the p.R778L, which is the most common East Asiaspecific mutation, to study the prehistoric migration of ancient Han Chinese in East Asia.
Materials and methods

Subjects
Sixty-five unrelated WD probands together with 11 presymptomatic siblings were recruited for the study. All were ethnic Han Chinese originating from Guangdong province. Consanguinity was reported in only one family. Diagnosis of WD was based on at least two of the followings: the presence of Kayser-Fleischer (KF) rings by slit lamp examination, typical neurological symptoms, and/or low serum ceruloplasmin levels (\0.20 g/L). In patients without KF rings and/or with normal serum ceruloplasmin, diagnosis was based on other laboratory parameters suggestive of impaired copper metabolism [elevated 24-h urinary copper excretion ([1.0 lmol/day) and/or hepatic copper content [250 lg/g dry weight] in the absence of cholestasis.
Analysis of the ATP7B gene Genomic DNA was extracted from peripheral blood samples using a QIAamp Blood Kit (Qiagen, Hilden, Germany) after informed consent was obtained. The study was approved by our institutional ethnics committee. The coding exons and the flanking introns of the ATP7B gene were amplified by polymerase chain reaction (PCR). The PCR primers were carefully designed to avoid allele dropout (Lam and Mak 2006) . We used one touch-down PCR approach for all exons: 94°C for 12 min, ten cycles of 94°C for 30 s, 66°C with an decrement of temperature by 1°C for each subsequent cycle for 30 s, 72°C for 45 s, 30 cycles of 94°C for 30s, 60°C for 30 s, 72°C for 45 s, and a final extension at 72°C for 8 min. The reaction mixture of a final volume of 25 ll contained 19 PCR buffer II (Applied Biosystems, Foster City, CA), 2.0 mM magnesium chloride, 200 lM dNTP, 1 lM of each primer, 0.625 units AmpliGold Taq polymerase (Applied Biosystems), and 100 ng DNA template.
Denaturing high performance liquid chromatography
We performed a heteroduplex analysis by denaturing high-performance liquid chromatography (DHPLC) on a WAVE DHPLC instrument (Transgenomic Inc., San Jose, CA). The stationary phase consists of 2-lm nonporous alkylated poly-styrene-divinylbenzene particles packed into a 50 9 4.6-mm ID DNASep column (Transgenomic Inc.). The PCR products were heated, denatured, and then cooled slowly to form a complete duplex. Ten microlitre samples were loaded, and the eluted DNA fragments were detected with ultraviolet absorption at wavelength 260 nm. The correct temperature for mutation scanning was determined by the WAVE utility software based on the wild-type DNA sequence.
Sequence analysis
Exons showing the presence of heteroduplexes by DHPLC and patient samples with inconclusive DHPLC chromatograms were sequenced directly. PCR products were purified by Microspin S-300 HR columns (GE Healthcare, Uppsala, Sweden), and both strands were sequenced using their amplification primers and BigDye-Deoxy terminator cycle sequencing reagents, according to the manufacturer's instructions (Applied Biosystems). Products of the sequencing reactions were purified using Auto-Seq G-50 columns (GE Healthcare). Purified sequencing fragments were separated by capillary electrophoresis and detected by laser-induced fluorescence on an ABI Prism 3100 genetic analyzer.
Haplotype analysis
Three microsatellite markers (D13S314, D13S301, and D13S316) flanking the WD locus were used (Petrukhin et al. 1993; Thomas et al. 1993 Thomas et al. , 1994 . The PCR was performed using previously published primers (Thomas et al. 1994) in 15-ll volume containing 9 ll ABI Prism True Allele PCR Premix (Applied Biosystems), 5 lM of each primer, and 60 ng DNA. The thermal condition was 94°C for 12 min, 35 cycles of 94°C for 15 s, 55°C for 20 s, 72°C for 30 s, and a final extension at 72°C for 40 min. The PCR products were diluted 1:10 with deionized water. The injection mix included 0.5 ll Genescan 400HD size standard (Applied Biosystems), 12 ll deionized formamide, and 1 ll diluted PCR products, and was denatured at 95°C for 5 min and quickly chilled on ice. The samples were electrophoresed on the ABI Prism 3100 genetic analyzer (Applied Biosystems), and data were analyzed with GeneMapper software version 3.0 (Applied Biosystems). The allele-size definitions of D13S314 and D13S316 were based on GDB:309065 and GDB:309089, respectively (http://www.gdb.org/gdb/). That of D13S301 was modified from previously published data (Chuang et al. 1996; Thomas et al. 1994) , with additional allele sizes of 154 and 156 assigned as -1 and -2, respectively.
Allele age estimation of p.R778L and WD prevalence
The allele age of p.R778L was calculated based on the method of homozygosity mapping formula (1) proposed by Genin et al. (1998) .
is the expected length of the homozygosity region around the disease locus where no crossing over is expected to occur. In order to estimate the smallest homozygous region E(h n ) around the ATP7B gene on chromosome 13, we analyzed two additional microsatellite markers (D13S296 and D13S270) on 13 patients carrying p.R778L with complete family data (three homozygotes and eight heterozygotes). It is assumed that the disease allele p.R778L is rare enough to insure that an inbred affected has received two identical by descent copies, and not by chance. The PCR was performed using previously published primers (White et al. 1993 ) and the same thermal condition stated in the part of haplotype analysis. h 0 is the length (in Morgans) of the whole chromosome where the disease locus maps. The h 0 of chromosome 13 is 114 Morgans. The number of meioses in the inbred affected individuals was denoted by n.
We also recruited another 660 healthy Hong Kong Chinese subjects with informed consents and determined their p.L770L and p.R778L status for prevalence estimation. We adopted the mutation analysis approach published by Olivarez et al. (2001) and calculated the prevalence of WD in Hong Kong Chinese.
Results
Forty-two different mutations across 16 exons were identified in 65 unrelated Hong Kong Chinese WD patients (Table 1) . Seventeen novel mutations were found. Eleven were missense mutations, one nonsense, one deletion and four splicing mutations. All the novel missense mutations were non-conservative changes and were not found in 50 normal healthy subjects. The four most common mutations were c.2333G [ T or p.R778L (17.3%), c.2975C [ T or p.P992L (13.4%), c.3443T [ C or p.I1148T (8.7%), and c.3532A [ G or p.T1178A (5.5%). The mutation detection rate achieved was 97.6% (126 disease alleles found in 129 unrelated WD chromosomes) and was the highest among other major Asian studies (Okada et al. 2000; Park et al. 2007; Wan et al. 2006; Wu et al. 2001; Yoo 2002) . In three patients, we found only one WD mutant allele after sequencing all the ATP7B exons and approximately 1 kb of each 5 0 and 3 0 untranslated region. In addition, we also identified 32 different microsatellite haplotypes associated with WD chromosomes in 33 probands with informative family data (Fig. 1) .
We also found four patients who carried both p.Q1142H and p.I1148T on the same allele and another mutation on the trans allele (i.e., p.A874V, p.T1178A, c.2304dupC, and IVS3 + 1G [ T, respectively). Their parental data confirmed that p.Q1142H cosegregated in cis with p.I1148T. J Hum Genet (2008) 53:55-63 57 Both p.Q1142H and p.I1148T were previously described as disease-causing mutations (Loudianos et al. 1998a (Loudianos et al. , 1999 . We did not find either mutation in 50 normal healthy subjects. Patients carrying both p.Q1142H and p.I1148T should have their parental genotypes to confirm the compound heterozygosity on the homologous chromosomes or have all exons being sequenced because they may bear three mutations. The most prevalent mutant allele p.R778L was found in 22 of 129 WD chromosomes. Moreover, p.R778L segregated with five different microsatellite haplotypes. The microsatellite haplotypes of D13S314, D13S301, and D13S316 were 13-3-7, 10-9-7, 10-6-7, 10-5-7, and 10-4-7 (Fig. 1.1-11) . The three p.R778L homozygous patients carried all five haplotypes (Fig. 1.1-3) . Nonetheless, all studied p.R778L alleles were in perfect linkage disequilibrium with a non-synonymous single nucleotide polymorphism c.2310C [ G or p.L770L. We screened 660 healthy Hong Kong Han Chinese individuals using direct DNA sequencing and only three carriers with p.R778L and p.L770L were detected. In the remaining 657 individuals, neither p.L770L nor p.R778L was found. In addition, the carrier rate of p.R778L was 1 in 220 (allele frequency 0.0023). Because p.R778L accounted for one-sixth of all mutations in our study, the expected frequency of all WD mutant alleles was 0.0136. We adopted the mutation analysis approach published by Olivarez et al. (2001) , and by Hardy-Weinberg equilibrium, the calculated prevalence of WD in Hong Kong Han Chinese was 1 in 5,400.
The physical position of the ATP7B gene is 51,404,806-51,483,631 bp on chromosome 13 (NM 001005918). Both D13S296 and D13S270 were situated at the downstream of ATP7B gene (Fig. 2) . Among the three p.R778L homozygotes and eight p.R778L heterozygotes, all were homozygous for D13S296 with the same allele size of 128 bp, but heterozygous for D13S270. As a result, the smallest homozygous region around the ATP7B gene was flanked by D13S301 at the 5 0 end and by D13S270 at the 3 0 end. It was about 850 kb in length. This region encompassed a recombination cold spot (White et al. 1993 ). Using formula (1), we calculated that p.R778L may have originated 220 generations ago. Assuming an average generation of 25 years, this ancestral mutation was aged 5,500 years old.
Discussions
Our study was the first study to elucidate the genotype of ATP7B in Hong Kong Han Chinese WD patients and estimate the prevalence of WD in Hong Kong Chinese. We have carefully analyzed the genotype data of Hong Kong Han Chinese and expanded the mutation spectrum of the (Liu et al. 2004 ) and 18 mutations among 84 patients (Wu et al. 2001) , 10 mutations in 29 Taiwanese patients (Wan et al. 2006) , 21 mutations in 41 Japanese patients (Okada et al. 2000) , and 28 mutations in 120 Korean patients (Park et al. 2007 ). The rest of the mutations are highly variable. Most mutations lie on exons 8, 12, 13, 16, and 18 in Northern Chinese covering 60.5-74% mutations (Liu et al. 2004; Wu et al. 2001); exons 8, 12, 13, 16, and 18 in Taiwanese with coverage of 61.8% (Wan et al. 2006 ); exons 8, 11, and 18 in Koreans with coverage of 59.8-71.4% (Park et al. 2007; Yoo 2002); and exons 5, 8, 12, 13, and 18 in Japanese with coverage of 60.9-70% (Okada et al. 2000; Shimizu et al. 1999) . We proposed a five-exon screening approach to Hong Kong Han Chinese. Exons 2, 8 12, 13, and 16 should be screened first. This five-exon approach can cover 70% of mutations. The prevalence of WD in Hong Kong Han Chinese was 1 in 5,400. Our findings concurred with the prevalence reported in other East-Asian countries (Kim et al. 1998; Ohura et al. 1999; Yamaguchi et al. 1999 ) that WD seems more prevalent in East Asia than in western countries. Intriguingly, p.R778L has been reported only in EastAsian populations and is absent in other ethnic groups. At the same amino acid 778 position, Caucasians have other amino acid substitutions. They were c.2332C [ G or p.R778G in Turkish (Figus et al. 1995) and Greek patients (Loudianos et al. 1998a ), c.2333G [ A or p.R778Q in Greek (Loudianos et al. 1998a) , and c.2332C[T or p.R778W in North American (Shah et al. 1997) , Italian (Loudianos et al. 1998b ), Sardinian (Loudianos et al. 1999 ) and British patients (Butler et al. 2001; Curtis et al. 1999) , whereas these mutations have never been reported in Chinese patients, except p.R778Q (Lee et al. 2000) .
Mutation p.R778L also has been observed on two other different microsatellite haplotypes (8-4-4 and 8-4-5.5) in Taiwanese (Chuang et al. 1996; Lee et al. 2000) and five microsatellite haplotypes (5-5-6, 5-7-4, 5-7-5, 5-7-5.5, and 5-7-7) in Japanese (Nanji et al. 1997) . Nonetheless, despite the various associated microsatellite haplotypes, p.R778L in the Han population is always linked to the polymorphism p.L770L, which does not coexist with other p.R778 missense mutations and has not been reported in other ethnic groups. Moreover, the genetic distance of the three microsatellite markers used are approximately 1.5 cM (Thomas et al. 1995) , whereas the p.R778L mutation (c.2333G[T) is only 23 bp away from p.L770L (c.2310C[G), thus the expected risk of recombination is negligible.
Additionally, p.L770L was not identified in 657 normal individuals without p.R778L. Therefore, we excluded p.R778L as a recurrent mutation, based on its perfect linkage disequilibrium with p.L770L. In addition, codon 770 is not a common mutation because no mutation or other polymorphism has been reported. In other words, p.L770L is a private and unique polymorphism of p.R778L. Based on the close proximity, the p.L770L and p.R778L mutations conceivably occurred synchronously. Combined with the evidence of associated multiple microsatellite haplotypes, p.R778L is probably the most ancient founder mutation of the ATP7B gene worldwide. The smallest homozygosity region around the ATP7B gene on chromosome 13 was analyzed to be 850 kb and, thus, the estimated allele age of p.R778L was at least 5,500 years. The estimated age was the most conservative approximate, because the homozygosity region can be narrowed down by using denser microsatellite markers and studying on a larger sample size.
Although p.R778L is still the most prevalent mutation in East Asia, our study reported the lowest allele frequency of p.R778L (17.3%) among Hong Kong Han Chinese patients: 2.6-fold lower than Han patients from Northern China (45.6%, v 2 = 27.9, p \ 0.0001) (Liu et al. 2004 ) and significantly lower than patients from Beijing, Fujian, Shandong, Jiangxi, Shanghai, and Zhejiang (37.7%, v 2 = 14.2, p = 0.0002) (Wu et al. 2001) , from Shandong, Hebei, Anhui, Sichuan, Jiangsu, and Liaoning (33.8%, v 2 = 8.1, p = 0.0043) (Gu et al. 2003) , from Korea (37.9%, v 2 = 10.8, p = 0.0010) (Yoo 2002) , and Taiwan (43.1%, v 2 = 14.9, p = 0.0001) (Wan et al. 2006) . Despite being two different ethnic populations, Korean and Northern Han Chinese shared almost an identical allele frequency of p.R778L in WD patients. The comparatively low occurrence of p.R778L/p.L770L in Hong Kong supported the hypothesis of a single southward migration of Han Chinese originating in the North and reflected an increasing pattern of genetic admixture going from north to south (Fig. 3) . It is amazing that the pre-historic Han overcame geographical barriers like the Yangtze and the Yellow Rivers, and finally reached as far as Hong Kong, traveling more than 2,000 km southward. We speculated on how forces such as famine or war could have driven this migration. Some have speculated that WD carriers might have an increased resistance to infections and cancers (Chu and Hung 1993; Wilkinson et al. 1983 ). It is not certain whether the Fig. 2 The smallest homozygosity region around ATP7B gene on chromosome 13 was shown. Haplotypes of D13S314, D13S296, and D13S270 of the three p.R778L homozygotes (indicated with asterisks) and the eight heterozygotes were listed heterozygous state of p.R778L/p.L770L serves a distinct advantage in survival and reproduction, but its persistence related to its founder effect and unique migration pattern was demonstrated unambiguously.
Based on immunoglobulin Gm allotypes of Chinese populations across the Yangtze River, Zhao and Lee hypothesized that the modern Chinese nation originated from two distinct populations, one population originating in the Yellow River valley and the other originating in the Yangtze River valley during early Neolithic times (3,000-7,000 years ago) (Zhao and Lee 1989) . Studies on disease genes, such as phenylalanine hydroxylase (PAH) for phenylketonuria (Lo et al. 1993; Wang et al. 1991 ) and citrin (SLC25A13) for adult-onset type II citrillinemia (Lu et al. 2005) , were consistent with the findings of Zhao and Lee. A founder mutation of classical hyperphenylalanemia, p.R413P, was mostly present in Chinese populations north of the Yangtze River (Wang et al. 1991) , while a common mutation of SLC25A13, c.851_854del, only occurred in Chinese populations south of the Yangtze River (Lu et al. 2005) . A complete description of early populations must allow, therefore, the possibility of admixture of Chinese populations across the Yangtze River. In this study, we provided solid evidence that an ancient Northern Han Chinese population carrying the founder mutation of WD, p.R778L/p.L770L, crossed the Yangtze and Yellow Rivers and migrated southward as far as Hong Kong.
In conclusion, we have delineated the mutation spectrum of the ATP7B gene in Hong Kong Han Chinese with 17 novel mutations identified. The genetic background of ATP7B mutant is very heterogeneous, and we recommend screening exons 2, 8, 12, 13, and 16, which cover 70% of mutations. Our study also underlined the utility of recessive disease-associated alleles in the study of human migrations. By merging this with the data in other studies from China, a north-to-south direction in the cline of p.R778L frequencies was discerned. The present population group inheriting p.R778L/p.L770L, now residing in Hong Kong, mainland China, Taiwan, Japan, and Korea, appeared to have descended from a single ancestor at least 5,500 years ago. Combined with the evidence of associated multiple microsatellite haplotypes, p.R778L is probably the most ancient founder mutation of the ATP7B gene worldwide. Since WD is a common genetic liver disease in China, with its large population size, determining the allele frequencies of p.R778L/p.L770L in WD patients in all the provinces in China can refine the prehistoric migration path of the world's biggest ethnic population.
